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https://doi.org/10.1002/nbm.3890The combination of functional MRI (fMRI) and MRS is a promising approach to relate BOLD imag-
ing to neuronal metabolism, especially at high field strength. However, typical scan times for
GABA edited spectroscopy are of the order of 6‐30 min, which is long compared with functional
changes observed with fMRI.
The aim of this study is to reduce scan time and increase GABA sensitivity for edited spectros-
copy in the human visual cortex, by enlarging the volume of activated tissue in the primary visual
cortex. A dedicated setup at 7 T for combined fMRI and GABAMRS is developed. This setup con-
sists of a half volume multi‐transmit coil with a large screen for visual cortex activation, two high
density receive arrays and an optimized single‐voxel MEGA‐sLASER sequence with macromolec-
ular suppression for signal acquisition.
The coil setup performance as well as the GABA measurement speed, SNR, and stability were
evaluated. A 2.2‐fold gain of the average SNR for GABA detection was obtained, as compared
with a conventional 7 T setup. This was achieved by increasing the viewing angle of the partici-
pant with respect to the visual stimulus, thereby activating almost the entire primary visual cor-
tex, allowing larger spectroscopy measurement volumes and resulting in an improved GABA
SNR. Fewer than 16 signal averages, lasting 1 min 23 s in total, were needed for the GABA fit
method to become stable, as demonstrated in three participants. The stability of the measure-
ment setup was sufficient to detect GABA with an accuracy of 5%, as determined with a GABA
phantom. In vivo, larger variations in GABA concentration are found: 14‐25%. Overall, the results
bring functional GABA detections at a temporal resolution closer to the physiological time scale
of BOLD cortex activation.
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Blood‐oxygenation‐level‐dependent (BOLD) functional MRI (fMRI) is the most widely used technique to measure brain function non‐invasively in
humans. BOLDmeasurements capture neuronal activity indirectly, via changes in blood flow, volume, and oxygenation.1,2 These changes arise from
local changes in neuronal activity and metabolism. The relationship between BOLD signals and excitatory neuro‐metabolic processes has been
studied extensively; however, the relationship between BOLD signals and inhibitory neuro‐metabolic processes is less well understood.3-5 One
of the key inhibitory metabolites is γ‐aminobutyric acid (GABA), which is the main inhibitory neurotransmitter of the brain and is believed to have
a direct impact on BOLD contrast through regulation of neuronal firing rates.6-8 In the human brain in vivo, the relationship between GABA and
BOLD signals has been investigated in studies that combined fMRI and MRS.7,9-15
Edited GABA spectroscopy is a commonly used technique to measure GABA levels.16 With edited spectroscopy it is possible to separate the
GABA signal from the signal of other metabolites. Faster non‐edited, short echo timeMRS techniques have been used for functional measurements
of other metabolites as well, but often lack reliable quantification of GABA, because of contamination from overlapping resonances.17
In order to further relate BOLD signal to GABA, it is desirable to measure GABA changes within the time scale of BOLD changes, meaning
short scan times. Short scan times enable the measurement of rapid changes in GABA levels that are induced by specific cognitive tasks carried
out by the participant inside the scanner.9,12,18 Typical scan times for GABA edited spectroscopy reported in literature are of the order of 6‐
30 min,16 which is impermissibly long when compared with functional changes observed with fMRI. To further reduce scan time of GABA edited
spectroscopy, the measurement method needs to be highly sensitive to GABA, allowing reduction of scan time per measurement.
At high magnetic field strengths, such as 7 T or higher, the combination of BOLD fMRI and GABA MRS is particularly promising, because both
BOLD contrast and MRS sensitivity are enhanced. This gain in sensitivity at high field can be traded for shorter measurement times. Nevertheless,
even at high field, the sensitivity for functional GABA edited spectroscopy might not be enough. A seemingly simple solution to increase spectro-
scopic sensitivity is to increase the voxel size. However, when interested in specific regions of the brain, or regions that only contain tissue stim-
ulated by a task, the voxel size must be limited by the corresponding physical brain shapes or by the maximal regional extent of stimulated tissue.
The aim of this study is to reduce scan time and increase GABA sensitivity for edited spectroscopy in the visual cortex. To realize this aim, a
dedicated coil setup high field strength (7 T) MRI scanner was developed with a large projection screen. We focus on the visual cortex, because it is
well characterized and it can be stimulated in a well‐controlled manner. The developed setup consists of a multi‐transmit head coil and high density
receive arrays. The setup is developed for combined fMRI and GABA MRS at 7 T in the visual cortex. The setup facilitates a clear visual view to a
large screen, enabling a wide radial visual stimulus with a large visual angle. We expect that a stimulus with a large visual angle can activate a large
cortical volume, which enables a large voxel size for spectroscopy, resulting in an enhanced GABA signal‐to‐noise ratio (SNR). GABA measurements
are performed with a MEGA‐sLASER (Mescher‐Garwood semi localized adiabatic selective refocusing) sequence with macromolecular nulling. The
sequence is modified to include frequency offset corrected inversion (FOCI) editing pulses, enhancing GABA detection and spatial localization.19
This setup enabled us to measure individual GABA concentrations over a short period of time. The effectiveness of the approach to achieve short
scan time is evaluated in two steps. First, the coil setup performance with visual stimulus is assessed, by mapping the extent of activation in primary
visual cortex (V1), and by determining the corresponding increase in spectroscopy voxel size. Second, the achievable SNR, speed and stability of the
GABA measurements are assessed by performing multiple repetitive GABA measurements in the same region.2 | DESIGN
2.1 | Coil setup and MRS sequence design, rationale
Three important aspects were taken into account for the design of the setup. First, the size of the projected visual stimulus, and corresponding visual
angle of view of the subject, directly influences the size of visual cortex tissue volume that can be activated.20 An increased visual angle of view of the
participant, for example due to an increased screen size, leads to activation of a greater part of the visual cortex. When measuring GABA in this greater
part of the visual cortex, the acquisition volume (size of the single voxel) can be increased, which in turn delivers a stronger GABA signal with an
enhanced SNR. The gain in GABA SNR can be used to reduce the GABA spectroscopy acquisition time. As an additional advantage, by increasing
the amount of stimulated tissue, the interference of signals arising from non‐stimulated tissue can also be minimized. At high field, the elongated scan-
ner bore together with closed transmit coil configurations decreases the maximum projection size for visual stimulation. Often, multiple mirrors and
prisms have to be used, at the cost of reducing the participant's visual angle. Half volume multi‐transmit coils that are specialized for the visual cortex
do not have this drawback, and have recently been shown as a promising research tool for functional imaging.21 The concept of an open half volume
coil design22-27 is used in this study to construct a setup that enables visual stimulation with a large visual angle.
Second, B1 field uniformity over the acquisition volume is needed to reach the desired flip angle, which is especially important for GABA spec-
troscopy, in which editing pulses assume a uniform B1 field. Using multiple RF transmit coil elements in parallel can significantly improve B1 field
uniformity of high field MRI.28 Therefore, the half volume coil was built with multiple channels for RF transmission to optimize B1 uniformity.
Third, an optimized MEGA‐sLASER sequence was implemented for enhanced GABA detection.29 The sequence includes macromolecular
nulling to minimize the contamination of the GABA signal by macromolecules. To optimize sequence performance, we employed FOCI pulses as
FIGURE 1 Overview of the half volume coil setup. The transmit coil is open (U shaped), allowing a visual stimulation with fewer mirrors and a
large visual angle. (A), A photograph of the coil setup, in which the main components are labeled, including the 16‐channel receive arrays; (B), a
photograph of the coil setup without the receive arrays in place, showing the actual transmit elements; (C), the transmit element arrangement in a
schematic flat view, to illustrate the positions of the eight transmit elements relative to each other in more detail
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of GABA signals.2.2 | Coil setup specifications
A dedicated coil setup was constructed for a 7 T MR system (Philips, Best, The Netherlands). The setup (Figure 1) consists of a shielded open half‐cyl-
inder multi‐transmit head coil with eight transmit elements. The eight transmit elements are oval shaped, with a size of 16 × 10 cm2, facilitating B1
+
shimming in three dimensions. Each element is matched to 50 Ω at 298 MHz when loaded with the participant's head. The transmit elements
are arranged on the half cylinder with their direction towards the back of the head (Figure 1B). Four elements are aligned along the direction
of the B0 field and two pairs of two elements orthogonal to the field (Figure 1C). To maximize inductive decoupling of the elements with their
nearest neighbors, all elements are positioned with a partial overlap of their adjacent elements. The overlap was determined by minimizing the
S12 coupling in pairs, beginning with the center two elements followed by the paired orthogonal elements. This was done separately for each pair,
without the other elements present. Subsequently, the overlap of the two orthogonal pairs with the center pair of elements was optimized by
minimizing the S12 coupling between the pairs. Finally, the outer two elements were positioned with an overlap of the orthogonal pairs of ele-
ments such that S12 between the outer and the neighboring pair of elements was minimized. The elements are made of printed circuit board mate-
rial and incorporate PIN diodes for detuning during receive. The RF coils are all actively detuned. The transmit elements are detuned during the
receive phase and the receiver coils during the transmit phase. The elements are embedded in plexiglass. The surrounding U‐shaped casing is cus-
tom made out of 6 mm thick polyoxymethylene, while aluminum foil was used as RF shielding to prevent coupling to the cables and conductors in
the patient bed. The transmit elements are connected to two 4 kW and six 1 kW amplifiers via ceramic cable traps tuned to 298 MHz and trans-
mit‐receive switches. The amplifiers can be controlled in amplitude and phase for RF shimming over the visual cortex with a target B1
+ of 20 μT.
A projection screen, with bars of adjustable length embedded in the coil casing, is mounted at the back of the coil. The screen size is 35 cm high
by 56 cm wide, just small enough to fit in the scanner bore. A 17 × 20 cm2 mirror is mounted on top of the coil casing on sliding bars that can be
used to adjust the mirror location with respect to the participant's eyes (Figure 1A,B). Using back‐projection of visual stimuli, the size of the pro-
jection achieved is 17 × 24 cm2. The mirror can be positioned approximately 10 cm from the participant's eyes and angled at 45°, resulting in a
visual angle of more than 60°.
The receive part of the setup consists of two high density 16‐channel surface arrays (MR Coils, Zaltbommel, The Netherlands). The high density
receive arrays with small coil elements fit tightly on the participant's head, and are used to produce high resolution, high SNR, fMRI and MRI scans,
with a receive depth extending several centimeters from the coil elements.30,312.3 | Reference setup specifications
The performance of the custom‐made coil setup was examined relative to the standard head coil setup of our 7 T system. The standard setup con-
sists of a dual‐channel volume transmit coil in combination with a 32‐channel receive head coil32 (Nova Medical, MA, USA). The projection screen
for the standard setup at our site is located at the front of the transmit coil and is visible through prism glasses and a mirror approximately 30 cm
from the participant's eyes (see Figure 2A later). Using back‐projection of visual stimuli the projection size achieved is 9 × 15 cm2, yielding a visual
angle of approximately 11°.
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The half volume coil setup was evaluated in two steps. First, the coil setup performance was evaluated by performing GABA measurements in four
participants and fMRI in one participant, focusing on the spatial extent of visual cortex activation and corresponding maximal achievable size of the
GABA voxel. These results were evaluated relative to the standard head coil setup of our 7 T system. Second, the SNR, speed, and stability of the GABA
measurements were assessed by carrying out multiple repetitive measurements with the half volume coil setup in three participants at rest and in a phan-
tom. All participants gave informed consent, and the work was approved by the Medical Ethics Committee of the University Medical Center Utrecht.
Preparation and shimming
Before acquiring the fMRI and GABA scans, a number of preparation steps were performed. A T1‐weighted scan was acquired for both setups as
anatomical reference (3D gradient echo, TE/TR = 2.1/4.5 ms, flip angle 5°, 2 × 2 × 2 mm
3 voxel size, 250 × 250 × 198 mm3 FOV, 99 sagittal slices,
and a duration of 1 min). For the half volume setup, an extra preparation phase was performed to shim the B1 field on V1 based on eight low flip
angle gradient echo image series obtained by driving a different transmit element each time (multi‐slice gradient echo series, with a TE/TR of 0.85/
15 ms, flip angle 10°, 3.9 × 3.9 × 10 mm3 voxel size, 190 × 221 × 70 mm3 FOV, seven slices, and a duration of 7 s). The resulting B1
+ level was
assessed with a B1 map (AFI,
33 3D gradient echo, TE/TR= 2.2/25 ms, flip angle 50°, 3 × 3 × 3 mm
3 voxel size, 176 × 220 × 27 mm3 FOV, nine slices,
and a duration of 1 min 47 s). The B1 shimming procedure was performed for each participant individually and lasted around 10 min in total. B1
shimming was not performed with the standard head coil. As the final preparation step for both coil setups, a B0 map of the posterior part of
the brain was acquired, which was used for third order B0 phase map shimming (B0 map, 3D gradient echo, TE/TR = 1.96/4.7 ms, flip angle 10°,
2 × 2 × 2 mm3 voxel size, 190 × 190 × 70 mm3 FOV, 35 coronal slices, and a duration of 1 min). The linewidth of the water peak after B0 shimming
measured in the respective voxel, was on average 14 ± 1 Hz (mean ± SD) for the half volume coil setup and 15 ± 2 Hz for the standard setup.3.1 | Coil setup performance
The coil setup performance was evaluated in terms of spatial extent of visual cortex activation assessed with fMRI and corresponding maximal achiev-
able voxel size and SNR for GABAMRSmeasurements. The performance of the custom‐made coil setupwas examined relative to the standard head coil
setup of our 7 T system. For the coil setup comparison, four participants were scanned with both setups. Three participants were scanned with three
GABA edited MRS scans of 5 min 30 s each (no fMRI). One participant was scanned with both fMRI and two GABA edited MRS scans of 5 min 30 s.
fMRI acquisition
Visual stimuli consisted of a contrast‐reversing checkerboard at 6 Hz, presented at full visual field to assess the spatial extent of activation in V1.
The participant was instructed to fixate the eyes on a central cross. The projection size was maximized according to the setup used. Full visual stim-
uli were presented in a block design with the contrast‐reversing checkerboard 7 s on/18 s off. The duration of each run was 3.5 min. fMRI data
were acquired using single‐shot echo‐planar imaging (EPI), with TE/TR = 27/1800 ms, flip angle 60°, 1.5 × 1.5 × 1.5 mm
3 voxel size, 160 × 170 ×
53 mm3 FOV, and 35 slices orthogonal to the calcarine sulcus (Figure 2D later).
fMRI analysis
fMRI data were analyzed using AFNI.34 Data were corrected for motion and drift, and active voxels were identified with correlation of the stimulus
waveform convolved with the canonical hemodynamic response. Activation maps were obtained by thresholding the resulting correlation coeffi-
cient maps at p < 10−5 uncorrected. The comparison between the activation maps of the two coils was performed by visual inspection of the spatial
extent of activity in V1. To quantify the difference, an ROI analysis was performed as follows. The mean EPI image was computed for each fMRI
time series, i.e. for each coil. A transformation matrix was obtained by co‐registering the mean EPI images of the half volume coil to the mean EPI
image of the head coil using AFNI (3dWarpdrive function, rigid body transformation). This transformation matrix was applied to the correlation
coefficient maps obtained for the half volume coil data (3dAllineate function), bringing the activation maps of both coils into the same space. An
ROI was selected on the mean EPI image of the head coil, encompassing that part of the visual cortex that corresponds to the large MRS voxel.
Inside the ROI, the number of significantly active voxels was counted and compared between setups.
MRS acquisition
A single voxel was positioned to approximately encompass the active regions in V1 in both hemispheres. GABA edited spectroscopy was performed
using a MEGA‐sLASER sequence. For each participant, consecutive MRS scans were performed during one scanning session with the half volume coil
setup; the session was repeated on a different day using the standard head coil setup. Three participants were scanned with three GABA edited MRS
scans for both receive setups. TheMRS acquisition parameters used for these three participants wereTE/TR= 74/5000 ms, spectral bandwidth 4000 Hz,
32 odd/even pairs, number of signal averages (NSA) 64 and a total acquisition time of 5 min 30 s. The voxel size for the standard setup was 25 × 25 ×
20mm3, and for the custom half volume coil setup 40 × 30 × 30mm3. Besides these three participants, one additional participant was scanned with both
fMRI and twoMRS scans, where the generic voxel size and location of the MRS scan was adapted to match directly to the activation area observed with
fMRI. The same MRS acquisition parameters were used as described above, except for a voxel size for the half volume coil setup of 40 × 40 × 20 mm3,
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applied alternatively in odd/even acquisitions, to suppress the macromolecules and water signals simultaneously, while refocusing the 3.0 parts per mil-
lion (ppm) GABA signal.29 FOCI pulses were implemented to increase the bandwidth of the adiabatic pulses.19 Note that for a MEGA‐sLASER sequence
the acquisition of one editing pair consists of one odd and one even spectrum, acquired over a period of twoTR intervals, which is counted as two signal
averages. In addition to the water suppression of the two dual‐banded editing pulses, VAPOR was applied with a window of 250 Hz. To also measure
the water signal, each scan was preceded by an unsuppressed water pre‐scan. No visual stimulation was applied for the MRS measurements.
MRS data processing
The spectra were processed using MATLAB (8.3, MathWorks, MA, USA). The processing steps performed were phasing and apodization (10 Hz),
residual water removal by HLSVD fitting,35 retrospective frequency and phase alignment of the acquired NSA based on the choline and creatine
signal,36,37 and last adding the odd/even spectra, resulting in an edited GABA spectrum.29 Afterwards, the edited spectra were fitted to estimate
the relative concentration of GABA and creatine (as a reference). The fit procedure was implemented in the same MATLAB routine as the data
processing steps. Fitting of the metabolite peaks was performed with an iterative Lorentzian fitting function, regulating peak amplitude, linewidth,
frequency, and offset (zeroth order baseline). For GABA, a double Lorentzian curve was fitted at 3.0 ppm with 14 Hz peak splitting. The creatine
signal was fitted in the metabolite spectrum (odd and even subtracted). This was done as a reference, and as validation of the editing procedure.
Both the area under the metabolite peak and the Cramér‐Rao lower bound (CRLB) were estimated in the fitting procedure. Reported SNR values
were calculated in the time domain (free induction decay, FID), by dividing the signal amplitude of the fitted metabolite (GABA or creatine) in the
time domain by the standard deviation (SD) of the noise at the end (last 15%) of the acquired FID signal. This is done to obtain a metric for SNR that
is independent of line shape.38 SNR was calculated for both coil setups; as spectral resolution of the GABA resonance was similar for both setups,
the SNR gain was quantified as the ratio of the two SNR values.3.2 | SNR, speed, and stability of the GABA measurements
The SNR and stability of GABA measurements using the custom coil setup was assessed in three healthy volunteers and a phantom. The minimum
achievable scan time with the coil setup was assessed by the number of averages required to reach a stable fit of the GABA peak, given by the
number of averages required for the CRLB of the fit algorithm to reach a plateau. The stability of the GABA measurements was assessed by
bootstrapping sets of spectra and computing the variance of the fitted GABA peak. The detection limits of the measurement and accuracy of
the fit procedure were evaluated on a phantom.
Acquired spectra
MRS measurements were made in three participants with a MEGA‐sLASER sequence of 5 min 30 s and a voxel size of 40 × 30 × 30 mm3. The
parameters of the MEGA‐sLASER sequence were the same as described above in the methods for the coil setup performance. The measurement
was repeated three times per participant.
Additionally, phantom measurements were made. The phantom consisted of a 4 cm diameter ping‐pong ball containing the metabolites GABA
and creatine. A phantom with a small diameter was chosen, to avoid artifacts originating from standing waves. Standing waves can appear because
the RF wavelength at a field strength of 7 Tesla is smaller in a phantom than in vivo due to their dielectric differences. Because of the small diameter
of the ball, the voxel size that could be fitted inside the volume of the phantom was six times smaller than that employed for the in vivo measure-
ments. To compensate for this difference in voxel size, a six times higher concentration was chosen for the metabolites in the phantom (GABA
6.6mM, creatine 48mM) than assumed in vivo, matching the SNR between the phantom and in vivo measurements. The MEGA‐sLASER sequence
parameters were the same as for the in vivomeasurements, except for a voxel size of 17 × 20 × 17 mm3. The measurement was repeated six times.
Processing and fitting of the spectra was the same as described above in the methods of the coil setup performance. However, in the phantom no
choline was present; therefore, in the processing steps, alignment was based on the creatine signal only.
SNR and speed
To assess the minimum achievable scan time for a stable fit of the GABA peak, the NSA was incrementally increased and fitted. The area under the
metabolite peak and the CRLB were estimated in the fitting procedure. The number of spectra that were averaged increased incrementally in steps
of two, from two to 64 (the entire scan), and the CRLB and SNR were computed at each step. The CRLB was calculated according to Cavassila
et al.39 The minimum achievable scan time (speed) was assessed by the number of spectra required for the CRLB of the fit algorithm to reach a
plateau. For the data in this study, the plateau was defined as a rate of GABA CRLB decay of less than 10% for all participants.
Stability
To assess the GABA variation over a short period of time, a bootstrapping procedure40 was employed. Bootstrapping was the preferred method,
since the GABA peak was difficult to distinguish from noise for the spectrum obtained from one pair of edited data acquisition (NSA 2). With the
bootstrapping procedure, an estimate could be obtained for the error and variance of GABA over a short period of time. In the bootstrap procedure,
500 random pairwise combinations of 16 signal averages (eight pairs) were selected out of a total of 64 (32 pairs). Consecutive odd/even
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GABA and creatine peaks. The procedure was repeated to also bootstrap 32 signal averages out of 64. The mean and SD of the metabolite peak
areas were calculated over the 500 fits (all bootstraps) to obtain an estimate for the error and variance of the metabolite peaks over a short period
of time. Since the concentrations of the metabolites in the phantom do not change over time, the stability of the measurement method could be
determined by applying the same procedure to the phantom measurements.4 | RESULTS
4.1 | Coil setup performance
Figure 2A,B shows the standard 32‐channel head coil setup and half volume coil setup respectively. The shaded (Figure 2A) and illuminated
(Figure 2B) parts of the projection screen give an estimate of the difference in visual field of view between the two setups. The visual field of viewFIGURE 2 Coil setup comparison of one participant. As reference, the standard 32‐channel head coil (A), was used to compare with the half volume
coil (B). Both setups have a mounted screen for visual stimulation. The maximum visual field of view achieved with the setups (A,B) directly influences
the extent of visual cortex activation (C,E) as measured with fMRI. The fMRI activation map (correlation coefficient, p < 10−5 uncorrected) is overlaid
on a sagittal view of the mean image of the EPI time series. (D) The position of the fMRI scan is indicated on a T1‐weighted anatomical scan. (C,E),
There is an increase in the extent of activation in the fMRI maps for the half volume coil setup, especially in the superior‐inferior direction. The added
green lines mark the calcarine, specifically separating the upper and lower banks. (F,G), The increase in activated tissue allows for a larger spectroscopy
voxel of 40 × 40 × 20 mm3 (G), as compared with the voxel of the reference setup of 25 × 25 × 20 mm3 (F). The larger voxel size yields an SNR
improvement of the GABA measurement, as can be seen in the two spectra. Both spectra consist of 16 signal averages and are acquired in 1 min 23 s
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visual field of view achieved with the half volume coil setup (Figure 2B) enabled a larger activation encompassing approximately the whole extent
of V1 (Figure 2E). The spatial extent of activation was larger than that obtained with the standard head coil, most notably in the upper part of V1
(upper bank of the calcarine sulcus) due to the elongated screen height (Figure 2C,E). The increased spatial extent of activity allowed for a 2.5 times
larger MRS voxel size comprising tissue that would be uniformly stimulated (Figure 2F,G). The benefits of the increased voxel size obtained with the
new setup can be seen in the MRS spectra by a substantial increase in SNR.
Quantification of the increase in spatial extent of tissue activation and the increase in GABA SNR can be found inTable 1 and 2, respectively. The
spatial extent of tissue activation was quantified as the number of active voxels in an ROI of the same size as the large MRS voxel. As can be seen in
Table 1, the spatial extent of tissue activation for the half volume coil setup increased by approximately 19%, as compared with the standard 32‐chan-
nel head coil. The GABA SNR was measured in four participants and the values can be found in Table 2. For the half volume coil setup, there is an
increase in GABA SNR in all participants. The increase in GABA SNR varies per participant and is not directly equal to the increase in voxel size. Overall,
the average increase in GABA SNR of the half volume coil over all participants is a factor of 2.2, as compared with the standard 32‐channel head coil.
The resulting B1
+ map obtained after shimming over the visual cortex is shown in Figure 3. Note that a B1
+ of around 16 μT could be obtained
in the visual cortex, despite the absence of transmit elements on the upper part of the head.4.2 | SNR, speed, and stability of the GABA measurements
Acquired spectra
As an initial step, the quality of the acquired spectrawas evaluated by visual inspection. Figure 4 shows an example of the acquired spectra after process-
ing (phasing, apodization, alignment, addition of odd/even acquisitions) for the three participants, indicated in blue, green, and red respectively. Figure 4TABLE 1 fMRI comparison between the two setups. The number of active voxels was counted in an ROI of equal position and size as the large
MRS voxel
Reference setup (n) Half volume coil (n) Increase (%)
2470 2947 19
TABLE 2 GABA SNR comparison between the two setups
Participant no MRS scans per setup (n)
GABA SNR (mean ± SD)
SNR increase, factor Voxel size increase, factorReference setup Half volume coil
1 3 2.0 ± 0.2 3.2 ± 0.6 1.6 2.88
2 3 1.5 ± 0.5 4.5 ± 0.9 3.0 2.88
3 3 1.1 ± 0.2 2.6 ± 0.5 2.4 2.88
4 2 2.3 ± 0.5 5.1 ± 0.4 2.2 2.56
All 11 1.7 ± 0.6 3.7 ± 1.1 2.2 2.8
FIGURE 3 A B1 map acquired with the half volume coil. Beforehand, the B1 field is shimmed for optimal performance in the back of the head, with
a B1 value of around 16 μT. The size and position of the GABA voxel is also indicated (red square)
FIGURE 4 Illustration of the acquired GABA edited spectra after processing. (A‐C), one scan consisting of 64 signal averages is shown for all three
participants (blue, green, red). At 3.0 ppm the GABA peak is clearly visible. (C‐E), Each spectrum is split into four sets of 16 signal averages, to also
inspect the temporal behavior of the GABA peak within one scan. Even though these spectra consist of only 16 signal averages and are thus noisier,
the GABA peak can still be distinguished
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spectra of all three participants. To get an impression of the temporal fluctuation within these 64 signal averages, the data of each participant was split
into four sets of 16 signal averages, which are shown in Figure 4E‐G. These spectra appear noisier since they were computed from only 16 signal aver-
ages. Still, theGABApeak canbedistinguished in the spectrum, though small differences inGABApeakarea arehard toevaluatevisually from these plots.
SNR and speed
The analysis of the fitted spectral data of the phantom and the three different participants is shown in Figure 5. GABA results are shown in Figure 5A‐
C. Creatine results are shown as a reference in Figure 5D‐F. An example of a spectral fit of GABA and creatine is shown in panels A andD respectively.
The SNR and the fitting error (CRLB) were determined with different averaging, as shown in the graphs in Figure 5B,C for GABA and E,F for creatine.
The SNR improves with increasing number of averages as expected for both GABA (Figure 5B) and creatine (Figure 5E), and for both in vivo and
phantom measurements (solid and dotted lines respectively). The goodness of fit results for the in vivo measurements (Figure 5C,F) showed that
approximately 16 averages are needed to reach a stable fit for GABA, and about eight averages for creatine, as estimated by the required number
of averages for the CRLB to reach a plateau. After 16 signal averages, the rate of GABA CRLB decay is less than 10% for all participants. For the
phantom measurements, fewer averages (<10) are needed for the CRLB to reach a plateau for both GABA and creatine. The required NSA must be
a multiple of two, since one average (NSA 1) either contains an odd or an even editing spectrum. The corresponding scan time for 16 averages is
1 min 23 s; the full 64 averaged editing sets take 5 min 30 s to acquire.
The GABA concentration over time, for three repeatedMRS scans in three participants at rest, is shown in Figure 6. The GABA concentration is
displayed with reference to creatine, both when averaging consecutive sets of 16 signal averages (Figure 6A), and as a moving average (Figure 6B)
with a window of 16 signal averages and a step size of two signal averages. Each data point consists of 16 signal averages, corresponding to a short
scan time of 1 min 23 s. Note that, in both graphs, the individual GABA concentration with reference to creatine fluctuates over time for repeated
GABA measurements at rest. The observed variability of the GABA over creatine ratios can predominantly be attributed to the variability of the
GABA concentrations, since the coefficient of variation (CV) of creatine is on average only 1.4% within scans, and 3.8% between scans (NSA
64). To further assess the size and origin of the GABA fluctuations a bootstrap analysis is performed, determining the stability of the GABA
measurements.
Stability
The GABA stability results of the repeated spectroscopy measurements are shown in Figure 7. Both six repeated scans in a phantom (Figure 7A,C,E,
G) and three repeated scans in three participants (Figure 7B,D,F,H) are displayed. A bootstrap analysis is performed, both for averaging 16 signal
FIGURE 5 Spectral fitting, SNR, and goodness of fit. (A,D), An example of the spectral fit for both metabolites, GABA and creatine. (B,E), The SNR
with different averaging. In all cases, the SNR increases with the number of averages. (C,F), The fitting error, as described by the CRLB. Note that
fewer than 16 signal averages (indicated by a vertical dotted line) are needed for the GABA fit to become stable, as estimated by the required
number of averages for the CRLB to reach a plateau. After 16 signal averages, the rate of GABA CRLB decay is less than 10% for all participants.
The acquisition of 16 signal averages converts to a scan time of less than 1 min 23 s
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FIGURE 6 GABA concentration over time referenced to creatine, as measured by three repeated GABA edited spectroscopy scans in three
participants at rest. The GABA concentration is displayed (A) when averaging consecutive sets of 16 signal averages, and (B) as a moving
average with a window of 16 signal averages and a step size of two signal averages. Each data point consists of 16 signal averages, corresponding to
a short scan time for GABA edited spectroscopy of 1 min 23 s. The individual GABA concentration at rest fluctuates over time
HENDRIKS ET AL. 9 of 15averages (Figure 7A‐D) and 32 signal averages (Figure 7E‐H) out of a total of 64 signal averages. For each data point, the relative metabolite con-
centration is plotted, as defined by the area under either the GABA (Figure 7, top row) or creatine peak (Figure 7, bottom row). The graphs show the
results for the repeated scans separately (six for the phantom, three for each participant). The error bars indicate the mean and SD of the relative
GABA or creatine concentrations computed from the 500 fits of the bootstrap procedure. The percentage displayed next to the error bars
FIGURE 7 Repeated MRS measurements of GABA (A‐D), and creatine (E‐H), for the phantom (A,C,E,G), and in vivo (B,D,F,H). The graphs show the
results for the repeated scans separately (six for the phantom, three for each participant). To estimate the variation of the concentrations per scan,
500 bootstrap fits were performed. Results are shown for spectra consisting of 16 signal averages (A,B,E,F), and 32 signal averages (C,D,G,H). The
mean, SD (error bar), and their ratio (percentage) across the 500 estimated GABA and creatine concentrations are shown in the graphs. Despite the
same intrinsic SNR of GABA, the in vivo levels show, per scan, higher fluctuations (NSA 16, 14‐25%; NSA 32, 8‐16%) than the phantom results (NSA
16, 5%; NSA 32, 3%)
10 of 15 HENDRIKS ET AL.represents the ratio of SD and the mean. For the phantom, this ratio of the SD and the mean of the measured GABA concentrations is less than 5%
for 16 signal averages and less than 3% for 32 signal averages (Figure 7 A,C). For creatine, it is less than 0.5% in both cases (Figure 7E,G), which is
similar to the total system stability. In vivo, the ratio of the SD and the mean of the measured GABA concentrations is between 14 and 25% for 16
signal averages and between 8 and 16% for 32 signal averages (Figure 7BD). For creatine this is between 0.5 and 2% for both 16 and 32 signal
averages (Figure 7F,H). The variation of GABA is larger than the variation of creatine.
Since the measured metabolite values (Figure 7) are relative concentrations, the ratio of GABA to other metabolites (Table 3 and 4) was also
calculated to facilitate comparison with other studies. The GABA ratio is calculated with respect to the reference metabolite, creatine (Table 3), and
water (Table 4). The GABA ratios for the three scans per participant are shown in both tables. Also, descriptive information is reported per partic-
ipant, such as the mean, SD, CV (%), and the absolute difference in terms of percentage (Abs Diff, % defined as the difference between first and lastTABLE 3 Repeated measurements of GABA concentrations referenced to creatine, using a MEGA‐sLASER sequence. The rows indicate the dif-
ferent participants. Columns 2‐4 show the measured GABA ratios. The remaining columns show the calculated statistics, characterizing the vari-
ation in the GABA measurements
Participant
GABA/cr (x10‐2 IU)
Mean SD CV (%) Abs Diff (%)scan 1 2 3
1 4.94 3.90 3.95 4.27 0.6 13.7 23.2
2 4.30 5.74 5.68 5.24 0.8 15.6 26.4
3 7.28 5.80 4.34 5.80 1.5 25.3 50.6
Mean 18.2 33.4
TABLE 4 Repeated measurements of GABA concentrations referenced to water, using a MEGA‐sLASER sequence
Participant
GABA/H2O (x10
‐5 IU)
Mean SD CV (%) Abs Diff (%)scan 1 2 3
1 4.23 3.45 3.33 3.67 0.5 13.3 24.2
2 4.49 5.73 5.95 5.39 0.8 14.7 27.3
3 4.37 4.04 2.93 3.78 0.8 19.9 38.0
Mean 16.0 29.9
HENDRIKS ET AL. 11 of 15scans, divided by the mean signal for the participant). The last row shows statistics for the average over all participants, reported as the mean CV
and mean Abs Diff.
Note that the mean CV over all participants for the GABA measurements is 18% (range 14%‐25%) when referenced to creatine and 16% (range
13%‐20%) when referenced to water. The mean absolute variation of GABA is 33% (range 23%‐50%) referenced to creatine and 30% (range 24%‐
38%) referenced to water.5 | DISCUSSION
The aim of this study was to reduce scan time and increase GABA sensitivity for edited spectroscopy in the visual cortex. The developed half vol-
ume coil setup increased the spatial extent of fMRI activation, enabling an increase voxel size, yielding a gain in GABA SNR by a factor of 2.2 as
compared with a conventional head coil setup at 7 T. The gain in SNR can be exchanged for shorter acquisition times. Using this setup and the
MEGA‐sLASER sequence with FOCI pulses, we were able to obtain a reliable fit of the GABA peak in vivo in 1 min 23 s. The stability of the GABA
measurements, with the approach employed here, was sufficient to detect GABAwith an accuracy of 3% in 2:45 min and 5% in 1 min 23 s, as deter-
mined with the GABA phantom. The GABA measurements show larger fluctuations in vivo than in the phantom, suggesting the influence of phys-
iological variability. In vivo, the concentration changes of GABA measurements were of the order of 18% per participant, which suggests that
physiological variability might be substantially higher than the stability of the setup and approach presented.
Our approach involved multiple avenues to enhance GABA MRS sensitivity. A half volume multi‐transmit coil was constructed and combined
with a large screen for visual stimulation, enabling a projection size, with a visual angle, of more than 60°. As no close fitting volume transmit coil
was used, B1 shimming was performed with the constructed transmit array of the half volume coil. This resulted in a uniform field over the spec-
troscopy voxel, but also assured sufficient B1
+ to use the short adiabatic RF pulses, required for the optimized GABA acquisition. GABAMRS signal
was acquired with a MEGA‐sLASER sequence with macromolecular nulling and FOCI editing pulses to enhance the sensitivity and spatial localiza-
tion of GABA signals. High density receive surface arrays, which yield a high SNR in the visual cortex for a distance of several centimeters from the
coil elements, were used for signal reception. The effectiveness of the constructed setup at 7 T is discussed in more detail below.5.1 | Coil setup performance
The achieved extent of tissue activation in the visual cortex, as measured with fMRI, was larger with the half volume coil setup than with the stan-
dard head coil setup, most evidently for V1 (Figure 2C,E). It is expected that this is caused predominantly due to the increased visual angle (larger
presentation screen) of the half volume coil setup. The increased activated tissue volume encompassed approximately the whole extent of V1. The
increase in active voxels within the voxel ROI was relatively modest, of the order of 19%, likely because other visual areas were also included in the
ROI (such as V2 or V3). The difference in spatial extent of activation between setups was translated to 2.8 times larger spectroscopy volumes con-
taining stimulated tissue. The GABA spectroscopy comparison between setups showed a gain in SNR by a factor of 2.2 on average for the half vol-
ume coil setup. The increase in GABA SNR arises directly from the increased voxel size, which is possible due to a larger activated cortical volume
when using the half volume coil setup. The achieved gain in SNR can be used either to perform measurements with higher GABA sensitivity or to
enable shorter measurement times. However, the gain in GABA SNR of 2.2 did not scale linearly with the gain in voxel size of 2.8. This can be
expected since the sensitivity profile of the surface receive coils decays towards the center of the brain, and the voxel size was expanded towards
the center of the brain. The use of a dedicated coil setup for the back of the brain enhances the SNR close to the coils, but at the same time results
in lowered SNR towards the center of the brain.5.2 | SNR, speed, and stability of the GABA measurements
The SNR of the GABA measurements increased with NSA as expected. The goodness of fit of the GABA peak also improved with NSA, as
expressed by the CRLB, and became stable in fewer than 16 signal averages, which can be acquired in less than 1 min 23 s. When comparing
the 1 min 23 s acquisition time with the 6‐30 min typical scan times reported for GABA edited spectroscopy in the literature,16 an approximate
4 to 20‐fold improvement is achieved. However, when compared with the typical fMRI acquisition times of 1‐4 s there is still an order of magnitude
difference.
The stability and repetition accuracy of the NSA 16 and 32 GABA measurements was 5% and 3% respectively, as determined with a GABA
phantom. This 3‐5% variability in GABA measurements for the phantom data suggests that GABA changes of at least 3% can be detected within
2 min 45 s and 5% in 1 min 23 s, excluding physiological confounds. Then again, in vivo, the variability of the GABA peaks was substantially higher,
both within and between repetitive GABA scans in all participants. The intra scan variability in GABA levels (variability within all averages of one
scan) ranged from 8 to 16% (NSA 32) and 14‐25% (NSA 16) in a period of 5 min 30 s. The inter‐scan variability (variation between consecutive
scans) is larger (CV 18%, Abs Diff 30%) than the variation within one the scan (8‐16% for NSA 32, and 14‐25% for NSA 16). The variability of
the GABA signals is substantially larger than those caused by intrinsic system noise and measurement instabilities, as assessed by the phantom
measurements. The origin of this variability is unclear; however, given the much lower variability observed for the phantom measurements it could
be of physiological origin.
12 of 15 HENDRIKS ET AL.Noise and motion of the participant can affect the GABA level variation as well. However, a spectrum of poor quality due to motion of the
participant would be averaged out in the bootstrapping procedure, which selects 500 sets of 16 or 32 signal averages from a total of 64 signal aver-
ages. Extreme artifacts of a single spectrum (NSA 1) per scan (5 min 30 s) would therefore not have much impact on the results obtained for the
in vivo measurements. The larger voxel size might increase variability of GABA as well. Anatomically, a larger voxel includes more neurons. A larger
pool of active and inactive neurons at different locations could possibly explain the increased physiological variations. In this study, the participants
were asked to look at a black presentation screen, but were free to close their eyes as well. This could be an additional factor of variation. The var-
iability of GABA is larger than the variability of creatine, which can be expected since the absolute concentration of creatine is in general almost
eight times larger than the concentration of GABA. Therefore, small absolute changes of creatine would be less visible in the large creatine pool.
In the case of GABA, small absolute changes would result in a large relative change of the total GABA concentration, since the total GABA concen-
tration is low.
When considering a physiological origin of the observed in vivo variability in GABA levels, the results may imply that GABA changes of at least
8‐16% may be needed in order to be detected in a functional MRS experiment. The high GABA variability impairs the possibility of detecting
evoked GABA fluctuations, questioning the motivation to aim for GABA measurements with a high SNR and a short scan time. However, measure-
ments that are made with event‐related paradigms may still benefit, and may be able to identify evoked GABA fluctuations from background var-
iability. Another reason for the observed in vivo variability in GABA levels could be that the presumed resting state of the visual cortex during our
measurements may not hold for GABA physiology. Consequently, new paradigms may be required to set the brain in resting GABA states in order
to assess functionally induced alterations in GABA levels. Our result suggests that physiological alterations in GABA levels can occur within the
duration of more common MRS acquisitions that average spectra over 6‐30 min. However, further work is needed to confirm assumptions about
the source of variability of GABA in vivo.5.3 | Methodological considerations
A number of methodological aspects have to be taken into account with respect to the coil setup design. Small surface coils tend to yield the
highest SNR within their sensitive area, but their receive sensitivity is not very uniform and decreases with distance from the coils.41 The high den-
sity surface coils used in the present setup allow for high sensitivity and SNR up to at least a 4‐5 cm distance from the coil elements.30,31 In the coil
setup design, a choice was made to increase the visual angle by increasing the screen size. However, this approach can be argued. It may be possible
to achieve the same visual angle with head coil mountable goggles near the participant's eyes, minimizing the distance between the screen and the
eyes of the participant.42,43 Still, the electronics in the goggles should not interfere with the magnetic field, and the compatibility with a 7 T scanner
may be an issue. Another confound of large voxel sizes is the stronger demands on B1 and B0 shimming. To resolve this issue we adopted multi‐
transmit technology in the half volume coil design. However, the limited availability of multi‐transmit technology for 7 T systems might be a draw-
back. In this study, B1 shimming is performed for each participant individually, which extended the scanning protocol by approximately 10 min.
However, when aiming for a short scan protocol it is also possible to fix the transmit channels to one general setting. The spectroscopy scans
are acquired with a peak B1 peak amplitude in accordance with the value found in the B1 map. If the value is lower than expected, the RF pulse
durations in the sequence can become longer. With the current hardware there is still room for B1 field improvement, as the transmit channels
are not yet maximally optimized in amplitude and phase settings. The refocusing RF pulses used in the sequence are adiabatic RF pulses and are
therefore are less sensitive to B1 variations. However, the RF pulses used for MRS editing are conventional pulses, which can still be a source
of variation. Despite the possible B1 field non‐uniformity because of the large MRS voxels, we do expect it to be stable over time. In this sense,
therefore, it does not explain the variations we measure over time. As opposed to B1 shimming, the B0 shimming in the visual cortex is hardly com-
promised, particularly considering the broadened spectral lines of GABA due to inherent J coupling. Finally, the voxel size is mainly enlarged
towards the center of the brain, where the distance from the RF coils is greater. Consequently, the SNR may not linearly scale with the enlargement
of the voxels.5.4 | Technical comparison with other studies
Several studies have demonstrated changes in GABA levels between patient populations; however, less is known about short term temporal (min-
ute) GABA level fluctuations in individuals.16 Repeatability studies that measure GABA over time44-47 report lower fluctuations in GABA per par-
ticipant with a CV of 4‐12% (mean CV, for GABA plus macromolecules referenced to either water or creatine at 3 T). However, these studies use a
MEGA‐PRESS sequence, without macromolecular suppression. Macromolecular contamination can have a significant impact on the GABA
results.48,49 Two studies performed at 7 T, which do incorporate macromolecular suppression, show a higher GABA CV of 9.5% and 13.6%,50,51
with total acquisition times of 12 min 48 s and 8 min respectively. In addition, a recent study performed at 3 T, which includes macromolecular
suppression and motion navigation, reports a CV of 13.3‐17.6%,52 with an acquisition time of 10 min 40 s. These values come closer to the CV
of GABA variation found in our study of 16%‐18%, acquired at 7 T in 5 min 30 s. In our study, we used macromolecular nulled GABA editing tech-
niques, which are obtained with a relatively short total acquisition time. When neglecting consequences of signal overlap, functional GABA MRS
acquisitions may be obtained at even higher temporal resolutions using non‐edited, short echo time MRS acquisition.53 Similarly as obtained for
functional lactate MRS, these may reveal even faster GABA fluctuations in the visual cortex.54,55 Despite the short echo time, care must be taken
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and fitting constraints for the quantification of GABA.17
Studies that combine fMRI and GABA MRS are interesting from a fundamental point of view, because they may provide insight into the con-
nection between neuronal metabolism and BOLD hemodynamics. Furthermore, they are also interesting from a clinical point of view, because
imbalances in excitatory and inhibitory processes are believed to be implicated in several neuropathological conditions, such as stroke, schizophre-
nia, autoimmune inflammation, Parkinson's disease, and epilepsy.7 For the schizophrenia studies that focus on the frontal cortex, the proposed
setup with the advantages of a large screen would not be beneficial. However, the application of the setup is widespread, as it can be extended
to other brain regions, such as the temporal lobe, where perception of objects and faces is based, which can be impaired in schizophrenia. Or it
can be extended to other patient groups, for example neurofibromatosis type 1 patients, in whom a GABA deficit is present in the visual cortex.57
In both cases our setup can enhance GABA sensitivity or reduce measurement time to approach measurements on a physiological time scale,
gaining insight into the diseased brain system.6 | CONCLUSION
The half volume setup enables an increase in the area of visual stimulation, allowing activation of almost the entire V1. Also, more than an average
2.2‐fold SNR gain in GABA detection of stimulated tissue can be achieved, as compared with a conventional head coil setup. The SNR, speed, and
stability of the sensitivity optimized method employed at 7 T are sufficient to detect GABA with an accuracy of 5%, within a fast scan time of less
than 2 min, as determined in a phantom. This brings functional GABA detection at temporal resolutions that match more closely to activation par-
adigms. However, the repetitive in vivo measurements per individual show a large GABA variation of 14‐25% at rest, suggesting a physiological
origin. Overall, the results indicate new possibilities and considerations for GABA spectroscopy measurements in the field of human brain
physiology.
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